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Introduction
Cyanobacteria blooms have been paid more and more attention all over the world for their toxic impacts on freshwater environments and human health (O'Neil et al., 2012) . Microcystis is a common cyanobacterial genus forming blooms (Shen and Song, 2007) . In natural freshwaters, Microcystis cells always aggregate into colonies (Zhu et al., 2016) . Colony formation provides Microcystis with a competitive advantage in preventing zooplankton grazing, viral and bacterial attack (Yang and Kong, 2012). However, the mechanism involved in Microcystis colony formation remains poorly understood.
In laboratory cultures, Microcystis is hard to keep colonial phenotype and colonial Microcystis usually disaggregates into single cells or a few paired cells (Huisman et al., 2018) . Previous studies have identified that zooplankton grazing pressure (Yang et al., 2012) , ultraviolet radiation (Sommaruga et al., 2008) , heterotrophic bacteria cocultivation (Shen et al., 2011) , low light intensities and temperatures (Li et al., 2013) could stimulate colony formation of Microcystis cultured in the laboratory. Moreover, we found that the contents of lead (Pb), cadmium (Cd), chromium (Cr), aluminium (Al), ferrum (Fe), and manganese (Mn) in Microcystis cell were significantly positive with the colony size in natural freshwaters (Bi et al., 2015) . Cd(II) could promote Microcystis colony formation in an appropriate concentration range (Bi et al., 2016) . Moreover, Gan et al. (2012) found that microcystin (MC, a typical cyanotoxin), supplementation in medium could enhance the size of Microcystis colony and depletion of MC could dramatically decrease colony size. Different from above external biotic and abiotic environmental factors, MC released by toxic Microcystis might act as an internal signal factor influencing the aggregation of Microcystis cells.
Proteomics, the large-scale analysis of proteins, can link the upstream genome and the downstream metabolome (Wilmes and Bond, 2009 ). Proteomic analysis has been widely applied in reflecting functional protein dynamic responses of cyanobacteria under stress (Alexova et al., 2016) . According to the proteomic responses of M. aeruginosa to N or P starvation, Yue et al. (2015) found that N limitation enhanced the expression of several proteins relating to cellular C metabolism and fixation while P limitation downregulated the proteins involved in protein synthesis and the assimilation of C and N. Proteomic response of M. aeruginosa revealed that long-term exposure of amoxicillin could affect the cellular biosynthesis process and the metabolism of nucleoside phosphate and carbohydrate .
To make clear how heavy metals affect colony formation of Microcystis, M. aeruginosa were treated with seven concentrations of Cd for 40 h, and their changes in the colony formation, intracellular MC contents and proteomic responses were investigated. The results will help us reveal the impact of heavy metals on the breakout of Microcystis blooms in natural waters.
Materials and methods

Algal culture conditions
M. aeruginosa FACHB-905 was purchased from the Institute of Hydrobiology, Chinese Academy of Sciences. Algae were cultured in BG11 medium (without EDTA) under a L:D (12 h: 12 h) cycle at a light intensity of 40 μmol/m 2 /s at 25 °C. Stock solution of CdCl2 (Merck, Germany) was added to algae cultured to the exponential phase, and the final concentrations of Cd were prepared as follows: 0.0125 (Cd_A), 0.0250 (Cd_B), 0.0500 (Cd_C), 0.1000 (Cd_D), 0.2000 (Cd_E) and 0.4000 mg/L (Cd_F). The culture without Cd was used as control group (CK). All groups were done in triplicate, and the initial density of M. aeruginosa was 5.2 ×10 6 ind/L. After 40 h, samples were taken from algal cultures to study changes in cell densities, colony numbers, MC content and proteomic analysis.
Counting algal cell density and colony
Algal cell density and colony were counted using a hemocytometer under microscope. Samples were collected 1 cm below the medium surface, and the flasks
Intracellular MC extraction and analysis
Intracellular MC was extracted and measured according to the method of Bi et al.
(2017) using high-performance liquid chromatography (SPD-M20A, Shimadzu, Japan) equipped with a Shim-Pack VP-ODS column (250 mm × 4.6 mm). MC-RR was identified by its characteristic UV spectra and retention time, and spiked with purified standards of MC-RR (Sigma, USA).
Proteomic analysis
Sampling, proteins extraction and iTRAQ labeling
Samples were extracted with Lysis buffer (8 M Urea, 40 mM Tris-HCl or TEAB, pH 8.5) containing 2 mM EDTA and 1mM PMSF, and then added with 10 mM DTT after being kept on ice for 5 min, then were sonicated at 200 W for 1 min. After centrifugation (25000 g, 4 °C) for 20 min, the supernatants obtained were incubated at 56 °C for 1 h and cooled to room temperature, then incubated with 55 mM IAM (for alkylation) in darkness for 45 min, and then centrifuged (25000 g, 4 °C) for 20 min. Protein concentrations were quantified using Bradford method. The protein solution (100 μg) with 8 M urea was diluted 4 times with 100 mM TEAB. For iTRAQ analysis, proteins were digested with Trypsin Gold (Promega, Madison, WI, USA) with a protein-to-trypsin ratio of 40:1 at 37 °C overnight, and peptides were desalted with a Strata X C18 column and vacuum-dried. The peptides were dissolved in 30 ul 0.5 M TEAB via vortexing. ITRAQ labeling reagents recovered to ambient were transferred and combined with proper samples. Peptide labeling was performed using ITRAQ Reagent 8-plex Kit. The labeled peptides with different reagents were combined and desalted with a Strata X C18 column and vacuum-dried, the above experimental method refers to Wiese et al. (2007) .
Peptide fractionation, HPLC, mass spectrometer detection
After being reconstituted with buffer A (5% ACN, 95% H2O, adjusting pH to 9.8 with ammonia) to 2 mL, labeled peptides were fractioned using a Shimadzu LC-20AB HPLC pump system equipped with a high pH RP column at a flow rate of 1 mL/min with a gradient of buffer B (5% H2O, 95% ACN, adjusting pH to 9.8 with ammonia): 5% for 10 min, 5-35% for 40 min, 35-95% for 1 min, 95% for 3 min, 95-5% within 1 min followed by 5% buffer for 10 min. Chromatograms were recorded at 214 nm, and fractions were collected at 1-min intervals. In total, 20 fractions were collected and vacuum-dried, dissolved in buffer (2% ACN, 0.1% FA in water) and centrifuged at 20,000 g for 10 min. Supernatants were loaded onto a C18 trap column using a LC-20AD nano-HPLC instrument (Shimadzu, Kyoto, Japan) and eluted, then separated with an analytical C18 column packed in-house at a flow rate of 300 nL/min with the following gradient of buffer (2% H2O and 0.1% FA in ACN): 8-35% in 35 min; 35-60% in 5 min, 80% for 5 min, 80-5% in 0.1 min and equilibrating for 10 min. Data was acquired with a Triple TOF 5600 System equipped with a Nanospray III source (SCIEX, Framingham, MA, USA) and a pulled quartz tip emitter (New Objectives, Woburn, MA). This procedure was carried out by Beijing Genomics Institute http://www.aloki.hu • 
Protein identification, quantification and data analysis
For an MS/MS Ions Search, each query represented a complete MS/MS spectrum. The common protein databases: NCBInr, SwissProt (Magrane and UniProt Consortium, 2011), and UniProt were used for protein identification. ITRAQ quantification was applied by BGI's IQuant (Wen et al., 2014) . Proteins with 1.2-fold change and Q-value less than 0.05 were determined as differentially expressed protein. Genes were annotated by using BLAST * (Altschul and Gish, 1996) against Clusters of Orthologous Groups of proteins database (COG) (Tatusov et al., 2003) and Kyoto Encyclopedia of Genes and Genomes database (KEGG) (Kanehisa et al., 2006) . We set Cd_A/CK, Cd_B/CK, Cd_C/CK, Cd_D/CK, Cd_E/CK, Cd_F/CK, as comparison group.
Statistical analysis
Data expressed as means ± SD were subjected to one-way analysis of variance (SPSS ver. 10.0) to determine differences among groups, and least significant difference multiple-range test was used to determine significance differences (P < 0.05).
Results and discussion
Effects of Cd on the growth, colony formation and intracellular MC-RR content of M. aeruginosa
As shown in Figure 1A , with the increasing Cd concentrations, cell densities of M. aeruginosa increased first and then decreased, and the maximum cell density appeared in M. aeruginosa exposed to 0.0250 mg/L Cd. As compared to CK, all tested concentrations of Cd except 0.4000 mg/L Cd could significantly induce colony formation (P < 0.05), and 0.1000 mg/L Cd showed the best inductive effects ( Fig. 1B) . Intracellular MC-RR contents of M. aeruginosa exposed to 0.0250, 0.0500, 0.1000 and 0.2000 mg/L of Cd increased significantly as compared to CK (Fig. 1C) . Cd could contribute to M. aeruginosa cells aggregation, and the Cd-induced colony-stimulating effects accompanied with the increased intracellular MC-RR contents. In our previous research, it was observed that the Microcystis colonies with smallest size in natural waters had the highest MC cellular production which decreased with the increasing colony size (Bi et al., 2017 ), suggesting toxic Microcystis might play a vital role in Microcystis colony formation via MCs production. Based on our above results, we speculated that Cd could increase the production of MC which acted as an internal signal stimulating the colony formation.
Proteomic analysis of M. aeruginosa exposed to Cd
A total of 405114 spectrums were generated, 7766 peptides and 1170 protein were identified (Table A1 ). According to the distribution of COG classification, it was found that in M. aeruginosa FACHB-905 genome, the number of genes relating to energy production and conversion (C), amino acid transport and metabolism (E), carbohydrate transport and metabolism (G) and cell wall/membrane/envelope biogenesis (M) was more than that of other function related genes (Table A2 ). Among all the KEGG pathways, biosynthesis of secondary metabolites, antibiotics and amino acids accounted for 22.46%, 14.08% and 9.42%, respectively (Table A3) . (Table A4) .
Both soluble and total carbohydrates in colonial Microcystis cells and sheaths were significantly higher than those in disaggregated cells (Zhang et al., 2007) . In colonial Microcystis, extracellular polysaccharides (EPS) were the main constituents of the http://www.aloki.hu • , 2007) . We also found that the contents of intracellular polysaccharide and bound extracellular polysaccharide in Cd-induced M. aeruginosa colony increased significantly, which could stimulate aggregation of algal cell and eventually promote colony formation (Bi et al., 2016) . Many genes were involved in polysaccharides synthesis pathway, such as capD, csaB, tagH, rfbB, and epsL (Thurlow et al., 2009 ). Proteomic analysis showed that all identified polysaccharide biosynthesis-relate enzymes were downregulated in M. aeruginosa exposed to 0.4000 mg/L Cd which led to decreased colonies (Fig. 3) . All concentrations of Cd except 0.4000 mg/L triggered upregulation of capsule biosynthesis protein CapD and sugar ABC transporter substratebinding protein while rfbB NAD-dependent dehydratase and lipid-A-disaccharide synthase of M. aeruginosa exposed to 0.0125-0.0500 mg/L Cd were upregulated. These upregulated polysaccharide biosynthesis-relate enzymes might be responsible for Cdinduced increase in polysaccharides. The strong competition advantages of M. aeruginosa in plankton system are based on its high photosynthetic activity (Amorim et al., 2017) . Cd remarkably influenced the porphyrin and chlorophyll metabolism (Fig. 4) , and photosynthesis ( Fig. 5) in M. aeruginosa. 16 related proteins were upregulated or downregulated significantly in M. aeruginosa exposed to 0.4000 mg/L Cd. The expression level of heme oxygenase and ferredoxin: protochlorophyllide reductase increased in all groups, thus preventing or minimizing ROS-induced damages (Zhou et al., 2006) . Furthermore, the expression level of magnesium-protoporphyrin IX monomethyl ester cyclase, radical SAM protein, glutamate-tRNA ligase, photosystem II extrinsic protein and ATP synthase increased by more than 27% in M. aeruginosa exposed to 0.0125 and 0.0500 mg/L Cd. The increased global effects on photosynthesis could help M. aeruginosa enhancing the carbon fixation and energy transfer, and thus promoting the synthesis of polysaccharides and colony formation. When the Cd contention was up to 0.0500 mg/L, the expression level of allophycocyanin subunit beta/alpha and universal stress protein UspA increased by 1.5 fold as compared to the control group, thus protecting DNA against oxidative damage (Bhat and Madyastha, 2001) . Consolidate all our findings about the effects of heavy metal ions on the Microcystis colony formation, we believe that Microcystis could bioaccumulate heavy metal ions, such as Cd, in natural waters, and appropriate heavy metal ions enriched in Microcystis cell could promote the synthesis and secretion of polysaccharide and MC in M. aeruginosa by upregulated polysaccharide and MC biosynthesis-related enzymes. Heavy metal ions could increase Microcystis colony formation in natural waters with the assistance of low concentration of MC, which may act as an important internal signal stimulator.
Conclusions
Proper concentration of heavy metal ions could induce Microcystis colony formation. Heavy metal ions could increase Microcystis colony formation in natural waters with the assistance of low concentration of MC, which may act as an important internal signal stimulator. Further intensive study should be carried out to reveal the mechanism of synergistic reaction of MC and heavy metal ions. 
APPENDIX
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